We explore the implications of the QCD phase transition during the postbounce evolution of corecollapse supernovae. Using the MIT bag model for the description of quark matter and assuming small bag constants, we find that the phase transition occurs during the early postbounce accretion phase. This stage of the evolution can be simulated with general relativistic three-flavor Boltzmann neutrino transport. The phase transition produces a second shock wave that triggers a delayed supernova explosion. If such a phase transition happens in a future galactic supernova, its existence and properties should become observable as a second peak in the neutrino signal that is accompanied by significant changes in the energy of the emitted neutrinos. In contrast to the first neutronization burst, this second neutrino burst is dominated by the emission of anti-neutrinos because the electrondegeneracy is lifted when the second shock passes through the previously neutronized matter. In search of the phase transition from hadronic to deconfined matter, heavy ion experiments at RHIC and at LHC at CERN explore the QCD phase diagram for large temperatures and small baryochemical potentials. For these conditions, which were also present in the early universe, lattice QCD calculations predict a crossover transition between the deconfined chirally symmetric phase and the confined phase with broken chiral symmetry. For high chemical potentials and low temperatures a first order chiral phase transition is expected and will be tested at the FAIR facility at GSI Darmstadt.
In search of the phase transition from hadronic to deconfined matter, heavy ion experiments at RHIC and at LHC at CERN explore the QCD phase diagram for large temperatures and small baryochemical potentials. For these conditions, which were also present in the early universe, lattice QCD calculations predict a crossover transition between the deconfined chirally symmetric phase and the confined phase with broken chiral symmetry. For high chemical potentials and low temperatures a first order chiral phase transition is expected and will be tested at the FAIR facility at GSI Darmstadt.
Due to their large central densities, compact stars can also serve as laboratories for nuclear matter beyond saturation density and may contain quark matter [1] . The formation of quark matter in compact stars is mainly discussed in two scenarios, in protoneutron stars (PNS) after the supernova explosion [2] and in old accreting neutron stars [3, 4] . For the first case, deleptonization leads to the loss of lepton pressure and therefore to an increase in the central density so that the phase transition takes place. Possible observables are the emission of gravitational waves [3, 4] due to the contraction of the neutron star or delayed γ-ray bursts [5] .
In this article we want to follow a third and less discussed case. The phase transition from hadronic to quark matter can already occur in the early postbounce phase of a core-collapse supernova [6, 7, 8, 9, 10] . This requires a phase transition onset close to saturation density, which can be realized for high temperatures and low proton fractions. For such a scenario Ref. [8] found the formation of a second shock as a direct consequence of the phase transition. However, the lack of neutrino transport in their model allowed them to investigate the dynamics only for a few ms after bounce. Very recently, a quark matter phase transition has been considered with Boltzmann neutrino transport for a 100 M ⊙ progenitor [11] . The appearance of quark matter shortened the time until black hole formation due to the softening of the equation of state (EoS), but did not lead to the launch of a second shock.
In our core-collapse simulations of low-and intermediate-mass progenitor stars, we confirm the formation of a second shock caused by the phase transition to quark matter. We even find that the second shock triggers a delayed supernova explosion during the postbounce accretion phase. This represents an interesting addition to currently discussed supernova explosion mechanisms, such as the neutrino-driven [12] , the magneto-rotational [13, 14] or the acoustic mechanisms [15] . A clear imprint of the phase transition to quark matter at the launch of the explosion could be expected in the neutrino signal, the emission of gravitational waves and the nucleosynthesis yields. Given the improvements in the sensitivity of neutrino detectors since SN1987A, it seems that the neutrino signal from a Galactic supernova is the most likely observable which could provide a first indication of the early phase transition to quark matter.
Lattice QCD is not yet able to make predictions for large chemical potentials relevant for neutron star calculations. Consequently, the quark matter EoS is currently computed using phenomenological descriptions such as the MIT bag or the NJL models. As we aim to study the basic effects from quark matter phase transitions on core-collapse supernovae, we chose the very simple but widely applied MIT bag model. In modeling the phase transition to quark matter there is a main physical uncertainty: the critical density n crit for the onset of the mixed phase. In our model, n crit is determined by the bag constant B and the strange quark mass. At present, the bag constant is not a fixed parameter and is usually chosen between B 1/4 = 145 − 200 MeV [16] . We choose the bag constant such that we obtain an early onset for the phase transition and a maximum mass of more than 1.44 M ⊙ , without enabling absolutely stable strange quark matter. Within this narrow range we select B 1/4 = 162 MeV (eos1 ) and 165 MeV (eos2 ), and a strange quark mass of 100 MeV as indicated by the Particle Data Group [17] . The two choices of the bag constants lead to critical densities of ∼ 0.12 fm −3 and ∼ 0.16 fm −3 , respectively (for T = 0 and proton fraction Y p = 0.3). For the hadronic EoS we use the table of Shen et al. [18] . The phase transition to quark matter is modeled by a Gibbs construction as discussed in Refs. [9, 11] and is therefore of second order according to the Ehrenfest classification but a phase transition of the first kind after Landau's definition [19] . The phase diagram using eos1 for different proton fractions Y p is shown in Fig. 1 . We remark that larger values for the bag constant result in higher critical densities. For the sake of simplicity, we have neglected finite size effects and Coulomb interactions within the mixed phase. Such contributions would decrease the density range of the mixed phase making the phase transition more similar to a Maxwell construction [20] . For comparison, we have also computed the EoS by using the Maxwell construction and find that the results of our core-collapse simulations are qualitatively similar.
We note that the small obtained values for the critical density close to saturation density are not in contradiction with heavy ion data. In contrast to heavyion collisions high-density supernova matter is isospinasymmetric with a proton fraction Y p ∼ 0.3. Furthermore SN timescales are in the range of ms and therefore long enough to establish equilibrium with respect to weak interactions that change the strangeness on the timescales of micro-seconds or less. The additional strange quark degree of freedom and the large asymmetry energy allow one to obtain small values for n crit and lead to an early appearance of quark matter (see Fig. 1 ).
Our choice of parameters is also compatible with the still most precise neutron star mass measurement of 1.44 M ⊙ for the Hulse-Taylor pulsar [21] . With eos1 and eos2, we obtain values for the maximum gravitational mass of 1.56 and 1.50 M ⊙ respectively. Note that higher neutron star masses can be achieved with more sophisticated models of quark matter [22] . For B 1/4 =162 and 165 MeV, almost the entire star is composed of quark matter, surrounded by a mixed quark-hadronic phase, which is enclosed by a thin pure hadronic crust.
For the accurate prediction of the three-flavor neutrino signal, general relativistic effects may be important. Hence, we choose for our investigation a well-tested general relativistic description of the neutrino radiation hydrodynamics in spherical symmetry, that is based on Boltzmann neutrino transport [23, 24, 25] . Quark matter appears only in optically thick regimes where neutrinos are in thermal and chemical equilibrium with matter. For this first proof-of-principle study, we use hadronic weak interaction rates [26] in the quark phase and derive the hadronic chemical potentials from the quark chemical potentials such that weak equilibrium for neutrinos in quark matter is obtained. Our simulations are launched from a 10 and a 15 M ⊙ progenitor model from Ref. [27] .
The standard core-collapse scenario leads to core bounce at nuclear saturation density and the formation of a shock. This expanding shock looses energy due to the dissociation of nuclei and the emission of the ν e -burst at ∼ 10 ms after bounce (see Fig. 2 (a) ) and therefore turns into a standing accretion shock (SAS). The SAS could be revived by neutrino heating [12] . However, explosions in spherically symmetric models with accurate neutrino transport have only been obtained for a 8 M ⊙ ONeMg progenitor star [28] . The collapse of more massive progenitors leads to an extended postbounce phase, during which the central PNS contracts due to mass accretion.
In our models that allow a transition to quark matter, the onset of the mixed phase (n B ∼ 0.1 fm −3 , T ≃ 10 MeV, Y e ∼ 0.3) is already achieved at core bounce. The initially reached quark matter fraction at the center of the PNS remains small during the first 50 ms after bounce. In the subsequent compression, the quark matter fraction rises again and an increasing central region of the PNS enters the mixed phase. The reduced adiabatic index causes the PNS to collapse.
PNS collapse: The central density rises up to 4 -5 times nuclear saturation density where the collapse halts due to the stiffening of the EoS in the pure quark phase. A large fraction of the PNS is composed of quarks, enclosed by a mixed hadronic-quark phase, which is surrounded by the infalling hadronic envelope (see Table I ). The mixed phase region shrinks gradually during the PNS collapse as more and more matter converts from the mixed into the pure quark phase. On this short time scale of ∼ 1 ms, the SAS remains almost unaffected by this dynamical evolution inside the PNS (see Fig. 3 ). However, the change in the chemical potentials and the increasing density during the phase transition establish weak equilibrium at a lower electron fraction of Y e ≤ 0.1, while the mean energy of the trapped ν e increases above 200 MeV. Shock formation and early shock propagation: A subsonic accretion front forms at the interface between the hydrostatic pure quark phase and the infalling mixed phase (thick dashed line Fig. 3 ). The accretion front propagates through the mixed phase, meets the supersonically infalling hadrons at the sonic point and turns into an accretion shock (thick dash-dotted line). The internal energy of the infalling hadronic matter, that is accumulated on the compactified core of the PNS, increases significantly due to the compression in the strong gravitational field. This leads to a rapid conversion of hadronic matter into the mixed phase. As the accreted layers become less dense, the second accretion shock finally detaches from the mixed phase boundary and propagates into the pure hadronic phase. This phase was deleptonized by the continued emission of electron neutrinos after the first neutronization burst. In this electrondegenerate environment, weak equilibrium is achieved at an electron fraction ∼ 0.1. When the second shock runs across this matter, the electron-degeneracy is lifted by shock-heating and the weak equilibrium is restored at higher values of the electron fraction (Y e ≥ 0.2).
Explosion: As the second shock propagates through the outer layers of the PNS, the ram pressure ahead of the shock decreases rapidly due to the large decline of density and velocity. The pressure behind the shock is supported by the accumulation of the infalling shock-heated matter and the increasing electron pressure due to the larger Y e in the adjusting weak equilibrium. Hence, this accretion shock accelerates and turns into a dynamic shock with positive matter velocities (thin solid line in Fig. 3 ). Up to this point, neutrino transport plays a negligible role since neutrinos are trapped. This changes when the second shock reaches the neutrino spheres. A second neutrino burst of all neutrino flavors is released (see Fig. 2 ), dominated byν e due to the above-mentioned increase in Y e . In addition, the more compact PNS releases (µ/τ ) -neutrinos with significantly higher mean energies as illustrated in Fig. 2 (c) . As soon as the expanding second shock merges with the outer SAS, the scenario resembles the situation of a neutrino-driven explosion mechanism (thin dashed line in Fig. 3) , except for the large matter outflow with velocities ∼ 10 5 km/s. Behind the expanding matter, a region with matter inflow develops due to neutrino cooling (thin dash-dotted line). The corresponding accretion luminosity from the later fallback explains the transient increase of the electron neutrino flavor luminosities in Fig. 2 (a) ∼ 340 ms after bounce. This matter inflow in the cooling region becomes supersonic and develops another standing accretion shock at the surface of the PNS at a radius of ∼ 50 km. The neutrinos emitted from this cooling region are partly absorbed behind the expanding shock at a few 100 km radius and support the explosion additionally. We obtain explosion energies of several 10 50 erg (see Table I ). The neutrino luminosities decrease after the onset of the explosion (see Fig. 2 at ∼ 350 ms after bounce).
In general, the models with eos1 and eos2 evolve in a qualitatively similar manner. However, the models with the larger bag constant show a longer PNS accretion time before the onset of the phase transition due to the larger critical density. This results in a more massive PNS with a deeper gravitational potential, so that the second shock develops larger explosion energies (see Table I ). In comparison to the simulations using eos1, the second neutrino burst appears several 100 ms later and is found to have a larger peak-luminosity due to higher temperatures of the shocked material. The more massive progenitor stars give an earlier onset of the phase transition and result in a more massive PNS. A special case is the dynamical evolution of the PNS of the 15 M ⊙ progenitor model using eos2. Almost simultaneously with the formation of the second shock, the more compact quark core collapses to a black hole. Still, this does not necessarily exclude an explosion. Unfortunately, our co-moving coordinate choice does not allow us to follow the dynamical evolution beyond the formation of the apparent horizon [25] .
The main result of this investigation is a strong signature of the formation of quark matter in the early postbounce phase of core collapse supernovae. A second shock forms inside the PNS, that affects significantly the properties of the emitted neutrinos. For a Galactic core-collapse supernova, a second neutrino burst should be resolvable by the present neutrino detectors. Unfortunately, the time sequence of the neutrino events from SN1987a [30] was statistically not significant. Anyway, the goal of this first study is to predict the general effects of the early phase transition to quark matter during the postbounce phase. To optimally reproduce the observations from SN1987A further analysis and improvements of the EoS would be required. The magnitude and the time delay of the second neutrino burst provide correlated information about the critical density, the EoS in different phases and the progenitor model. For low and intermediate mass progenitor models, the energy of the second shock becomes sufficient to drive an explosion even in spherical symmetry. The explosion is powered by the accretion of matter into the deeper gravitational potential of the more compact PNS, if quark matter is present in the core. The ejecta contain neutron-rich material that expands on a fast timescale and should be investigated as a possible site for the r-process. With respect to the remnant, the narrow range of PNS masses found in Table I may provide an explanation for the clustering of the observed neutron star masses (gravitational) around 1.4 M ⊙ (see e.g. [21] ). The discussed direct black hole formation at the phase transition could be investigated further in light of the observed connection between supernovae and γ-ray bursts [31] . For other progenitor models, a delayed collapse to a black hole may occur after the explosion during the PNS cooling phase.
The presented analysis should be complemented by multi-dimensional simulations, to explore the impact of known fluid instabilities that can not be treated in spherical symmetry. Another interesting scenario would be a weak neutrino driven explosion, followed by a fallbackinduced QCD phase transition. Since the QCD phase diagram shows a large variety of color-superconducting phases [32, 33, 34] , a more sophisticated quark matter EoS should be adopted. This could lead to a second phase transition within the quark core of the PNS and would be an interesting extension of the present study.
